Genome instability is a hallmark of cancer cells and dysregulation or defects in DNA repair pathways cause genome instability and are linked to inherited cancer predisposition syndromes. Ionizing radiation can cause immediate effects such as mutation or cell death, observed within hours or a few days after irradiation. Ionizing radiation also induces delayed effects many cell generations after irradiation. Delayed effects include hypermutation, hyper-homologous recombination, chromosome instability and reduced clonogenic survival (delayed death). Delayed hyperrecombination (DHR) is mechanistically distinct from delayed chromosomal instability and delayed death. Using a green fluorescent protein (GFP) direct repeat homologous recombination system, time-lapse microscopy and colony-based assays, we demonstrate that DHR increases several-fold in response to low-LET X rays and high-LET carbon-ion radiation. Time-lapse analyses of DHR revealed two classes of recombinants not detected in colony-based assays, including cells that recombined and then senesced or died. With both low-and high-LET radiation, DHR was evident during the first two weeks postirradiation, but resolved to background levels during the third week. The results indicate that the risk of radiation-induced genome destabilization via DHR is time limited, and suggest that there is little or no additional risk of radiation-induced genome instability mediated by DHR with high-LET radiation compared to low-LET radiation. Ó 2017 by
INTRODUCTION
Ionizing radiation is an effective tool in the fight against cancer, with over a million patients receiving radiotherapy annually in the U.S. The goal of radiotherapy is to deliver lethal doses to the tumor volume while minimizing doses to normal tissue. Normal tissue tolerance is generally dose limiting because excessive radiation doses to normal tissue cause early and late complications. Early effects include skin reactions, local hair loss, intestinal problems, local pain and swelling. Late effects are observed six months or more after therapy, depend on the site of irradiation, and include neurological problems, infertility, joint pain, lymphedema, cardiovascular problems, bone loss and secondary tumors (1) (2) (3) . Genome instability is a hallmark of cancer cells (4) , reflecting genetic changes ranging from point mutations to chromosome rearrangements and whole chromosome gain or loss (5) . Recently, it has become clear that genome instability can precede tumor initiation, thus genome instability is not just a consequence of the cancer state, but rather an active driver of tumorigenesis, accelerating the acquisition of mutations in proteins that regulate key cellular processes required for tumor growth and spread (4, (6) (7) (8) (9) (10) .
Cells can repair DNA damage arising spontaneously or induced by genotoxic chemicals or radiation, restoring the chemical structure of DNA, but DNA repair processes sometimes fail to restore the genetic information at or near DNA lesions. Such ''misrepair'' results in small-to-large-scale genetic changes detected shortly after genotoxin exposure (11) (12) (13) . For example, base damage can be bypassed by errorprone translesion DNA polymerases producing point mutations; non-homologous end joining (NHEJ) can result in loss or gain of nucleotides at repair junctions; and even so-called ''error-free'' homologous recombination (HR) repair can result in small-or large-scale loss of heterozygosity, inversions, deletions, amplifications and chromosomal translocations (14) . Some of these changes occur during DNA repair (e.g., NHEJ), while others, especially those mediated by HR, can arise during DNA replication of damaged templates, either from error-prone translesion synthesis, or from reciprocal recombination (crossover) events associated with replication fork restart (15, 16) . Ionizing and nonionizing radiation also induce late effects seen many cell generations after exposure, including mutations, chromosome translocations, chromosome aberrations, micronuclei, microsatellite instability, giant cells and cell death (17) (18) (19) (20) (21) . We defined delayed hyperrecombination (DHR) as a novel delayed event induced by ionizing and nonionizing radiation (22) (23) (24) . Although both delayed chromosomal instability (DCI) and DHR are induced by low to moderate radiation doses at high frequencies (indicative of nontargeted effects), DCI and DHR arise through distinct mechanisms, since delayed death is associated with DCI, but not DHR (24) . HR levels are tightly regulated, and both increased or decreased levels of key HR proteins can suppress repair, trigger genome instability and predispose to cancer (25) (26) (27) (28) (29) (30) (31) . Thus, the high viability and increased potential for large-scale genome rearrangement of radiation-induced DHR may pose significant risk for secondary tumor induction and/or tumor progression.
Typically, the benefits of radiotherapy far outweigh the low risk of secondary tumor induction. Nevertheless, questions remain about the relative risks of treatments with low-versus high-LET radiation (32) . To help model these risks and to gain further insight into DHR mechanism(s) and persistence, we investigated DHR induction by low-and high-LET radiation (X-ray and carbon-ion radiations) in the well-characterized RKO36 cell system in which DHR is monitored with a single-copy, integrated GFP direct repeat HR substrate (24) . In past studies DHR was detected by fluorescence microscopy of individual colonies with both GFP þ cells and GFP -cells (mixed GFP þ/-colonies) that arose ;1 week after irradiation. In the current study, we developed a new method to measure DHR over longer time periods, and by using time-lapse microscopy we identified two novel classes of DHR products that are not detected in colony-based assays, namely individual cells that show delayed recombination but die or senesce. We further demonstrate that low-dose X-ray or carbon-ion radiations induce DHR that persists for two weeks, however, by the third week, HR returns to background levels. These results indicate that radiation-induced DHR is a transient phenotype with limited potential for long-term genome destabilizing potential, and that this risk is no greater for high-LET carbon-ion radiation than low-LET X rays.
MATERIALS AND METHODS

Cell Culture and Irradiation
RKO36 is a derivative of human colorectal carcinoma cell line RKO (33) bearing a single integrated copy of a EGFP direct repeat HR substrate (Fig. 1A) (24) . Cells were grown in DMEM with glutamine (Sigma-Aldrich, Tokyo, Japan) supplemented with 1 mM sodium pyruvate, 1X antibiotic-antimycotic (Life Technologies, Grand Island, NY) and 10% fetal bovine serum (Nichirei Bioscience, Tokyo, Japan) at 378C in 5% CO 2 in air. Cells were X-ray irradiated using a Pantak HF320 X-ray machine (250 kV peak, 13 mA; half-value layer, 1.65-mm copper filter), or with monoenergetic carbon ions (290 MeV/ nucleon, LET 70 keV/lm) generated by the Heavy Ion Medical Accelerator facility at the Japan National Institute of Radiological Sciences (Chiba, Japan). Limited experiments were performed with iron ions (500 MeV/nucleon, LET 200 keV/lm) due to beam time restrictions.
Cell Survival and RBE Calculation
Cells were irradiated at ;50% confluence in T12.5 or T25 flasks, harvested, counted and dispersed to 35-mm dishes at appropriate concentrations to yield 100-150 surviving colonies per dish. Cells were incubated for seven days, and colonies were fixed with 100% ethanol, stained with crystal violet and counted after drying. Cloning efficiency was determined using nonirradiated cells and normalized survival curves were generated using Prism software version 5.0 (GraphPad Software Inc., La Jolla, CA) as follows. Exponential one phase decay nonlinear regressions were generated for 2-3 replicate determinations per data point. Goodness of fit (R 2 ) was determined with 16 and 9 degrees of freedom for X rays and carbon ions, respectively. RBE was calculated from the quotient of the doses that yielded 10% survival for X rays and carbon ions.
Flow Cytometric Analysis of GFP Fluorescence and Autofluorescence
RKO36 GFP
-and GFP þ cells from irradiated cultures or nonirradiated control cultures were harvested and washed once in phosphate buffered saline (PBS). Samples were diluted to ;10 6 cells/ ml in PBS, and 30,000 cells per sample were analyzed with a FACSCalibure flow cytometer (BD Biosciences, San Jose, CA) using 488-nm excitation and GFP fluorescent emissions with filters at 530/ 30 nm, using CellQueste software for data collection (BD Biosciences). FlowJot software (Tree Star) was used for data analysis.
Cell Sorting
Cultures of RKO36 cells are largely GFP -, with rare GFP þ cells arising by spontaneous HR during culture expansion. RKO36 cells were sorted into GFP -and GFP þ populations as follows. Cells were harvested and washed once in PBS, diluted to ;10 7 cells/ml and sorted using a FACSAriae cell sorter (BD Biosciences) with excitation laser and emission filters, as noted above. Since radiation induces transient green autofluorescence (see Results), nonirradiated GFP -and GFP þ cells were used to establish sorting gates. FACSDivae software version 4.1.2 was used for data collection and sorting.
Time-Lapse and Colony (End Point) Analysis of Radiation-Induced DHR DHR was scored by time-lapse microscopy in irradiated or control cells by seeding appropriate numbers of cells into 3.5 cm dishes to yield ;500 viable colonies per dish. Cells were incubated overnight, plastic lids were replaced with optically transparent glass lids, and dishes were incubated in a time-lapse microscopy system (Olympus LCV-110; Olympus, Tokyo, Japan) (34) . Images were acquired each hour for seven days with MetaMorph software version 7.5.6.0 (MDS Analytical Technologies, Winnersh, UK) using the following conditions: 103 magnification, 2 3 2 camera binning, 30 ms (transillumination) and 500 ms (GFP) exposure times, and 6.0 3 6.4-mm image acquisition frames in the center of each tissue culture dish. Individual images were assembled into movies with MetaMorpht Offline software version 7.5.6.0 (Molecular Devices, Sunnyvale, CA) using AVI2JPG version 6.10 (Novo, Tokyo, Japan) compression software. Four movies were generated per dish, each capturing 25% of the 6.0 3 6.4-mm acquisition frame.
FIG. 1. RKO36 cell fates. Panel A:
The RKO36 HR substrate consists of 1 kbp direct repeats, comprising EGFP coding (GFP) and poly(A) sequences, and a neo resistance marker. One EGFP is driven by the CMV promoter but inactivated by an XhoI linker frameshift (FS) mutation, and the second lacks a promoter. GFP þ recombinants can arise by GC, which eliminates the XhoI mutation, or by SSA or crossovers that delete one GFP and the intervening sequence. These outcomes were distinguished by PCR with primers 1, 2 and 3. Panel B: Schematic of time-lapse and end-point DHR assays. Pure GFP -populations produced by FACS were irradiated (or mock irradiated) and surviving cells were seeded to dishes for visualization for seven days by time-lapse microscopy; resultant colonies were also scored in the end-point assay. For each condition, separate dishes were incubated in parallel, and after seven days these cells were harvested, and GFP -cells were generated by FACS and analyzed by time-lapse and end-point assays. This procedure was then repeated for a third week. Colonies arising one week postirradiation were expanded and genomic DNA was prepared for PCR analysis to distinguish GC and SSA products. The sorted GFP þ cells can be used to study delayed mutation (to GFP The number of adhered cells was determined at early time points for each movie. Individual cells were classified into specific phenotypes as they developed into colonies, failed to divide (senescent) or died (dislodged from dish) during week-long incubation periods (see Results). Still images were extracted from movies by using an AVI to JPEG converter and processed using ImageJ software (National Institutes of Health, Bethesda, MD) (35) . Percentages of each phenotype were calculated based on the number of initial adherent cells in each movie.
After acquisition of each week-long time-lapse movie, whole-dish, live-colony composite images were generated using a BIOREVO BZ-9000 imaging system and software (Keyence Corp., Osaka, Japan) and used to score each colony as GFP -, GFP þ or GFP þ/À (end-point assay). Image files were processed using Photoshop (Adobe Systems Inc., San Jose, CA) to determine GFP status and ImageJ (35) to count colonies. In some cases, GFP status was confirmed in fixed colonies by immunofluorescence microscopy (see below). Percentage DHR was calculated as the ratio (3100) of mixed GFP þ/À colonies to total initial cells (time lapse) or total colonies (end point).
Molecular Analysis of HR Products
DHR clonal isolates for PCR analysis were generated by sorting single RKO36 GFP þ recombinant cells into individual wells of 96-well tissue culture dishes seven days postirradiation. After colony formation, cells from wells with a single colony were transferred into six-well plates and expanded, and genomic DNA was prepared using purification columns (Promega Inc., Madison, WI). PCR distinguishes gene conversion, which retains the parental GFP direct repeat structure, from GFP deletions via single-strand annealing (SSA or, less likely, crossover) repair events. PCR amplification was performed with a T3 forward primer (5 0 -CTCGAAATTAACCCTCACT AAAGG; Fig. 1A , primer 1) paired with a reverse primer between the two GFP genes (5 0 -TTCCAAACTGGAACAACACTCAAC) or downstream of the distal GFP gene (5 0 -GATTTAGTGCTTTACGGC ACCTC) (Fig. 1A , primers 2 and 3, respectively). Primers 1 þ 2 yield a 1,512 bp fragment from the parent and GC products; primers 1 þ 3 produce a 1,422 bp fragment from deletion products.
Immunofluorescence Detection of 53BP1 Foci and GFP
Cells were seeded onto Nunc chamber glass slides 24 h prior to Xray or carbon-ion irradiations. After irradiation, cells were washed in cold PBS and fixed for 10 min in 4% w/v paraformaldehyde in PBS. Cells were permeabilized for 2 min with 0.2% v/v Tritone X-100 (Sigma-Aldrich, Tokyo, Japan) in PBS and washed twice in PBS. Antibodies were diluted with 4% w/v BSA in PBS. The slides were incubated with rabbit anti-53BP1 (Bethyl Laboratories Inc., Montgomery, TX) or mouse anti-GFP monoclonal antibodies (Life Technologies) and incubated for 1 h in a humidified incubator at 378C, washed three times in PBS and then processed in a similar fashion with Alexa Fluort 555-conjugated anti-rabbit IgG or Cy3-conjugated anti-mouse IgG antibodies (Sigma-Aldrich). Slides were incubated in PBS containing 4 0 ,6-diamidino-2-phenylindole (DAPI) for 5 min to stain DNA and mounted using Vectashieldt antifade medium (Vectort Laboratories, Burlingame, CA). Immunofluorescent images were acquired using a BX51 fluorescent microscope controlled by DP Controller software version 2.2.1.227 (Olympus) and processed using DP Manager software version 2.2.1.195 (Olympus).
RESULTS
Time-Lapse Microscopy Reveals DHR and Previously Undetected Cell Fates
In prior studies DHR was detected as mixed GFP þ/À colonies arising 7-10 days, after derivatives of human RKO or hamster-human hybrid GM10115 cells were exposed to low-to-moderate doses of ionizing radiation or ultraviolet (UV) radiation (22) (23) (24) . In the current study, we modified the assay to detect DHR over a longer time period and to expand the range of detectable outcomes. Studies were performed in RKO36 cells, which carry a single, integrated copy of a GFP direct repeat HR reporter (Fig. 1A) . The upstream GFP gene is inactivated by a frameshift mutation and the downstream copy has a complete coding sequence but is inactive because it lacks a promoter. HR produces GFP þ recombinants by gene conversion, which preserves the gross structure of the reporter, or by SSA or crossovers that delete one GFP copy and the intervening sequence; HR outcomes were distinguished by PCR (Fig. 1A) . Here we use the term ''HR'' as inclusive of both conservative gene conversion (RAD51-dependent) and SSA (RAD51-independent) events, since both involve recombination between homologous sequences.
DHR was analyzed over three-week periods after low-or high-LET irradiation (Fig. 1B) . Parental RKO36 cells were first sorted into GFP -and GFP þ populations. Although not part of the current study, GFP þ cells can be used to study delayed mutation to GFP -. GFP -cells were irradiated and split into two cultures. One culture was analyzed for seven days by time-lapse microscopy, followed by end-point analysis of resultant colonies, classified as GFP -(nonrecombinant), GFP þ (recombinant induced immediately by radiation) or mixed GFP þ/-(DHR). Clonal isolates of GFP þ DHR products were expanded for PCR analysis of HR outcomes. The second culture of GFP -cells was sorted seven days after plating to obtain pure GFP -populations, which were analyzed as above for time-lapse and end-point assays 8-14 days postirradiation; this procedure was repeated for a third week (days 15-21 postirradiation). In the initial week of analysis, both DHR and immediate HR products were detectable as mixed GFP þ/À and full GFP þ colonies, respectfully. In the second and third weeks, all GFP þ colonies (pure or mixed GFP þ/À ) were classified as DHR because these periods began with pure (sorted) GFP -cultures. Time-lapse microscopy revealed immediate HR and DHR products, as in the end-point assay, and as expected there was good agreement between the two assays (see below). Time-lapse microscopy also revealed several other events not detectable in the end-point assay, including cells that were GFP þ within hours of irradiation and senesced or died and those that became GFP þ at later times and senesced or died (Fig. 1C) . In this study, we analyzed cell fates after exposure to equitoxic doses of low-LET X rays or high-LET carbon ions using the end-point assay; time-lapse microscopy was performed on the carbon-ion-irradiated cells.
RKO36 Displays Typical Survival and DNA Damage Responses to Low-and High-LET Radiation
We performed colony-based survival assays in response to acute doses of low-LET X rays and high-LET (70 keV/ lm) carbon ions and determined the relative biological effect (RBE) at 10% survival (D 10 ). As is typical for mammalian cells, carbon ions were more cytotoxic to RKO cells per unit dose than X rays, yielding an RBE of ;3 (Fig.  2) . This value was used in subsequent experiments to compare effects of equitoxic doses of X rays and carbon ions. The higher RBE of carbon ions is thought to reflect complex, clustered DNA damage (36) (37) (38) . 53BP1 is a DNA damage response protein that is rapidly recruited to doublestrand breaks (DSBs) detected as subnuclear foci with cognate antibodies. X rays produced small 53BP1 foci, but the clustered damage created by carbon ions yielded larger foci (Supplementary Fig. S1 ; http://dx.doi.org/10.1667/ RR14748.1.S1), characteristic of those observed with various types of high-LET radiation (39, 40) . These large foci may reflect 53BP1 recruited to many lesions along an individual, high-LET radiation track. RKO36 cells display normal p53 and p21 responses to radiation (24) , and equitoxic doses of X rays and carbon ions induced apoptosis with similar frequencies and kinetics (Supplementary Fig.  S2 ; http://dx.doi.org/10.1667/RR14748.1.S1).
Radiation Induces Transient Autofluorescence That Can Confound Early Detection of GFP þ Cells
To facilitate HR product analysis, GFP-based HR reporters are typically employed as single integrated copies, as in RKO36 cells. The level of GFP expression for a particular reporter, after a productive HR event, varies with integration site, reflecting position effects (41) and with copy number. The single copy GFP reporter in RKO36 cells produces a moderately bright GFP signal that is several-fold above the level of background autofluorescence. While developing the time-lapse microscopy assay to analyze DHR, we performed control experiments using flowcytometry and observed that ;50% of cells irradiated with 6 Gy of X rays or 2 Gy of carbon ions showed green fluorescence at a level comparable to nonirradiated GFP þ cells (Supplementary Fig. S3A ; http://dx.doi.org/10.1667/ RR14748.1.S1). Because it was highly unlikely that radiation induced HR at such high frequencies, we considered the possibility that the radiation was instead inducing autofluorescence in RKO36 cells, as reported for other cell types (42) . Radiation increased green fluorescence in both GFP -and GFP þ cells (Supplementary Fig. S3B ), indicating that the effect is independent of GFP expression. Green fluorescence also increased with dose, but this is a transient effect, since it was not detectable 7-8 days postirradiation (Supplementary Fig. S3C ; and data not shown). Consistent with this effect occurring independently of GFP, it was observed in cells carrying a GFP reporter (GFP -and GFP þ RKO36 cells) and in cells lacking a reporter (parent RKO and HeLa cells) ( Supplementary Fig.  S3D ). The magnitude of the effect was similar among RKO cell lines with or without GFP and in HeLa cells: 6 Gy Xray doses increased autofluorescence by ;2.5 fold in each case ( Supplementary Fig. S3E ). Despite the transient increase in autofluorescence, GFP þ cells were distinguishable from fainter GFP -cells; during the first week postirradiation when autofluorescence was maximal, GFP þ cells were confirmed by staining with anti-GFP antibodies ( Supplementary Fig. S3F ).
Carbon-Ion Radiation Slightly Induces Immediate HR
DSBs created within or near HR reporter loci stimulate HR at high frequency. Radiation is relatively inefficient at stimulating HR at a reporter locus because DSBs induced by radiation at low to moderate doses are generally random and thus rarely occur near reporter loci. Immediate HR (IHR) was assayed by time-lapse microscopy, with 3-4 determinations per condition (Fig. 3) . We observed apparent increases in IHR after 0.6-2 Gy carbon-ion irradiations, but absolute IHR frequencies were quite low, and only at the 1 Gy dose was there a significant difference in IHR between irradiated cells and nonirradiated controls (Fig. 3 , left-side panel). Sometimes IHR events were followed by senescence or death. These too were rare, and were even less frequent after irradiation (Fig. 3, right-side panel) , perhaps because carbon ions create damage that is highly lethal, as this would reduce the chance for cells to attach and senesce or die at later times. This idea is consistent with the reduction in senescent cells (regardless of GFP status) with increasing carbon-ion irradiations (see below).
Low-and High-LET Radiation Induces DHR for Two Weeks and Then Resolves to Background Levels
DHR is induced 7-10 days after UV and low-LET irradiations, detected with an end-point assay (22-24). We measured DHR after exposure to equitoxic doses of X rays or carbon ions to determine whether DHR is differentially induced by low-versus high-LET radiation. We also extended the assay period to three weeks to define DHR persistence, and scored events by time-lapse microscopy and end-point assays. In this and subsequent time-lapse and end-point assays, values were fairly consistent among determinations, and data were pooled. Each cell (or colony) was categorized as, for example, DHR or not DHR, and statistics were determined by Fisher exact tests. Thus, absolute values rather than averages/error bars are presented. During the first and second weeks postirradiation, X rays induced statistically significant increases in DHR, but levels returned to background by the third week (Fig. 4) . DHR was also induced by carbon ions, and similar to X rays, it persisted for two weeks before resolving in the third week postirradiation (Fig. 5) . At equitoxic doses, DHR appeared to be induced approximately twofold more efficiently by carbon ions than X rays during the first two weeks (scored by end-point assay), but with statistically significant differences in only two cases: week 1 for 6 Gy X rays vs. 2 Gy carbon ions (P , 0.0001); and week 2 for 3 Gy X rays vs. 1 Gy carbon ions (P ¼ 0.0084). A larger study testing a range of LET radiations may confirm a trend of increasing DHR with increasing LET. Together, the results indicate that equitoxic doses of high-LET radiation induce DHR with similar or slightly higher efficiency than low-LET radiation, and that regardless of dose or LET, DHR persists for two weeks before resolving to background levels.
Carbon-Ion-Induced DHR is Frequently Associated with Cell Senescence or Death
As noted above, the time-lapse assay revealed cell fates not detected in traditional colony-based assays, that is, cells that displayed DHR that subsequently senesced or died (Fig.  1C) . We quantitated these events and found that senescence or death subsequent to DHR was not induced by carbon ions in the first week postirradiation, but with a moderate (1 Gy) dose, these cell fates appeared to increase during the second and third week postirradiation (Fig. 6A) . At the highest dose (2 Gy), there was little or no induction of DHR to senescence/death over the three-week period (Fig. 6A ). Consistent with a ;50% plating efficiency, approximately half of cells visualized by time-lapse microscopy either senesced or died, regardless of GFP status (Fig. 6B) . However, total senescence and death did increase with dose, particularly during the initial two weeks of analysis, although at the highest carbon ion dose (2 Gy), senescent and dead cells were less frequent in weeks 2 and 3 ( Fig.  6B) , probably because severely damaged cells were cleared from the population by these later times.
Because the time-lapse assay revealed DHR cells that senesced, we examined lone cells (those not belonging to a colony) in end-point assay dishes in the first and second weeks after carbon-ion irradiation, and scored GFP status by fluorescence microscopy. This revealed significant fractions of DHR to senescent cells, even in nonirradiated controls, and these events increased among populations exposed to 1-2 Gy radiation (Supplementary Fig. S4 ; http://dx.doi.org/ 10.1667/RR14748.1.S1). The time-lapse assay showed less frequent senescent/dead cells in the second and third weeks postirradiation (Fig. 6B) , and this trend was also apparent for DHR to senescent cells identified in the end-point assay (Supplementary Fig. S4 ). 
RADIATION INDUCES DELAYED HOMOLOGOUS RECOMBINATION
Repeat Deletion is the Dominant HR Outcome after Exposure to Low-or High-LET Radiation
The GFP direct repeat in RKO36 cells can produce a functional GFP protein by gene conversion without a crossover, which maintains the gross repeat structure, or by SSA or crossovers, which delete one repeat and the 217 bp sequence between repeats (Fig 1A) . Genomic DNA was prepared from GFP þ clones isolated one week after equitoxic exposures to X rays (3 Gy), carbon ions (1 Gy) or iron ions (1 Gy). In all cases, the majority of GFP þ products arose by deletion (Supplementary Fig. S5 ; http:// dx.doi.org/10.1667/RR14748.1.S1), most likely via SSA.
There was no statistically significant difference between Xray versus carbon-ion products, nor X-ray versus iron-ion products, but the higher fraction of deletions after iron-ion irradiation (100%) was significantly different from that of carbon ions (82%) (Supplementary Fig. S5 ). Larger sample sets might reveal a statistically significant difference between X rays and iron ions.
DISCUSSION
Homologous recombination has critical roles in maintaining genome stability and tumor suppression, and it is tightly regulated in tissues and during the cell cycle (43) (44) (45) (46) (47) . HR is particularly important during DNA replication, since it can accurately repair and restart stalled or collapsed replication forks; when HR is defective, broken forks may be repaired by alternative NHEJ, producing translocations and other gross genome rearrangements (48) (49) (50) . HR dysregulation includes defects in HR proteins that reduce HR efficiency (51-58), as well as defects in HR 
FIG. 6.
Carbon-ion-induced DHR to senescence or death (panel A) and total senescent or dead cells (panel B). These events were determined by time-lapse assays using the same samples and statistical analyses described in Fig. 5 legend. suppressors, such as the Bloom syndrome gene (BLM), which confer a hyper-HR phenotype (59, 60) . Both hypoand hyper-HR phenotypes are associated with cancer predisposition, emphasizing the importance of proper regulation of HR (29, 43) . Increased HR levels may also reflect increased levels of DNA damage as a result of metabolic defects that increase reactive oxygen species (ROS) levels, or defects in other repair pathways that increase DNA damage load and replication stress (15, 61, 62) . The precise integration site of the GFP HR substrate in RKO36 cells is unknown. As with expression of transgenes, HR can vary with integration site (''position effects''). In a previously published study, we showed that X-ray-induced DHR varied several-fold among RKO36 and several other cell lines carrying the same GFP HR substrate (24) . A key question concerns the potential association between radiation-induced DHR and mutagenesis or carcinogenesis. In a study of UV-induced DHR, increased mutagenesis (at HPRT) was observed among DHR colonies, but there was no evidence that DHR specifically caused mutagenesis, or vice versa, since mutations arising in DHR colonies were point mutations (22) , as opposed to deletions that might have arisen via SSA (e.g., between intronic Alu repeats). However, DHR and mutagenesis may be triggered by the same underlying cause, such as increased ROS, as discussed further below. To date, no studies have correlated radiationinduced DHR with mutagenesis or carcinogenesis, so these remain important open questions for the future that may be addressed with advanced mutation detection systems, and transgenic mice such as RaDR-GFP mice developed in the Engelward laboratory (63) .
Because genome stability requires proper HR regulation, radiation-induced DHR raises significant concerns, especially given that DHR is efficiently induced by radiation doses that approximate those delivered to patients for CT scans (23, 64) . Unlike DCI, DHR is associated with high cell viability, indicating that the genome instability associated with DHR does not typically cause lethal chromosome rearrangements, as appears to be the case with DCI (24) . The high viability of DHR cells would tend to increase risk of genome instability and cancer, since such cells would not be cleared from tissues as readily as DCI cells. On the other hand, DCI can persist for years (19) , whereas the risks associated with persistence of genome instability driven by DHR appear to be limited to approximately a two-week period postirradiation (Figs. 4  and 5 ). Although unlikely, we cannot rule out that DHR rises and falls in a cyclic fashion; addressing this question would require DHR monitoring over longer time periods. Earlier studies indicated that although DHR and DCI are both radiation induced with high efficiency, they are nonetheless mechanistically distinct, since cells that express DCI do not express DHR and vice versa (24) . In addition to differences in viability, the current study revealed the vast difference in the persistence of DHR and DCI, highlighting yet another mechanistic difference between these phenotypes.
We show that DHR is stimulated by both low-and high-LET radiation, and that under both conditions it persists for two weeks before resolving in the third week after an acute radiation dose. The trigger(s) for DHR remain a mystery, although it is clear that, similar to DCI (19, 65, 66) , the target for radiation-induced DHR is as large as the nucleus and perhaps the entire cell (23) . DHR does not appear to be induced in nonirradiated cells, i.e., as a bystander effect (23) . It is instructive to consider the potential triggers and persistence mechanisms of DCI, as more studies have addressed this question than for DHR. Changes in gene expression are not implicated in DCI, nor are DSBs alone sufficient to trigger DCI (67, 68) , although DNA is at least part of the DCI target (69) . Epigenetic changes are potential drivers of bystander effects, and may contribute to, or regulate, radiation-induced DCI. DCI may be regulated by DDR factors, but given the large target size, it is unlikely that DCI reflects specific alterations to DDR machinery. There is evidence that DCI is stimulated by persistent high levels of ROS as a result of mitochondrial dysfunction (70) (71) (72) (73) . This idea is supported by evidence that suppressing ROS with radical scavengers suppresses radiation-induced DCI (74) . Interestingly, increased ROS levels were not associated with increased oxidative DNA damage (75) , raising the possibility that oxidative damage to other cellular components may trigger DCI, or perhaps that oxidative DNA damage repair itself triggers DCI. Another feature of DCI that may drive persistence is the fact that large-scale chromosome rearrangements can themselves be destabilizing (and therefore self-propagating), as evidenced by bridge-breakage-fusion cycles (76, 77) .
Although DCI and DHR are both induced by radiation, the mutually exclusive nature of these phenotypes argue that they are mechanistically distinct. The vast difference in persistence (weeks vs. years) is further evidence that DCI and DHR are distinct, and suggests that the proposed persistence mechanisms for DCI (elevated ROS, mitochondrial dysfunction) do not underlie the more transient DHR phenotype. One potential clue that may help explain the induction and transient persistence of DHR is the observation that radiation induces transient autofluorescence. We confirmed the findings of Schaue et al. (42) , that X rays cause a dose-dependent increase in autofluorescence. In that study, autofluorescence was measured with a 488-nm excitation wavelength, the effect was proportional to dose, and it was observed with many different cell lines (42) , similar to our results (Supplementary Fig. S3 ; http://dx.doi. org/10.1667/RR14748.1.S1). Radiation-induced autofluorescence correlated with mitochondrial changes in NAD/ NADH/FAD concentrations, calcium homeostasis and cellular morphology, and effects were observed 1-3 days postirradiation (42) . We extended these findings by showing that autofluorescence is induced by low-and high-LET radiation (Fig. S3A) and that it persists for ;7 days ( Supplementary Fig. S3C ). Although radiationinduced autofluorescence subsides before DHR (Figs. 4  and 5) , it is still possible that these phenomena are related. Autofluorescence is only detected with relatively high doses of radiation (!2 Gy) whereas DHR is induced by doses of a few cGy (23) , thus autofluorescence and DHR might share the same trigger, but DHR may have a lower threshold, or there may be other changes associated with altered NAD/ NADH/FAD/calcium/morphology that induce DHR for longer periods than autofluorescence. If DHR is indeed linked to the transient effects of radiation on NAD/NADH/ FAD levels, calcium levels and/or cellular morphology, one intriguing possibility is that these effects may be mediated by NAD-regulation of Sirtuins, which regulate chromatin structure and function. It is well known that chromatin regulates many DNA dynamic processes, including HR (78-86). Schaue et al. (42) demonstrated that radiation induction of autofluorescence could be attenuated by treating cells with the calcium ionophore A23187, or lownutrient conditions that prevent radiation-induced cell swelling. It will be interesting to determine if DHR is similarly attenuated by calcium ionophores and low-nutrient conditions, and if so, such treatments may mitigate radiation-induced DHR and thereby reduce risks associated with DHR-mediated genome instability.
Among the DHR products analyzed, we observed a strong bias toward deletion events (Supplementary Fig. S5 ; http:// dx.doi.org/10.1667/RR14748.1.S1). These deletions likely arise by SSA, given that deletions increase with decreasing length of the sequence between repeats (87), and the HR substrate in RKO36 cells has a short, 217 bp sequence between GFP repeats. There was no difference in the deletion:GC ratios between X-ray and carbon-ion products, but there was a striking absence of GC products after ironion exposure. High-LET DNA damage is refractory to repair by NHEJ (37, 88) , and it promotes end resection, even in G 1 cells in which resection is normally suppressed (89) . Both GC and SSA require end resection, so this alone cannot account for the lack of GC after iron irradiation. SSA generally requires more end resection than RAD51-dependent HR, as complementary strands in repeats must be exposed to allow RAD52 to mediate annealing (90) . The lack of GC products after iron-ion irradiation could result from more extensive end resection (89) , which would promote SSA, and/or from complex damage suppressing RAD51-mediated strand invasion or other HR steps subsequent to end resection. Both SSA and GC events are stimulated by DSBs, but it is unlikely that the events observed here result directly from radiation-induced DSBs, since this would probably require DSBs in or between the GFP repeats, or within several kbp of the repeats, and these would be exceedingly rare with radiation doses compatible with cell survival. A more likely explanation is that SSA and GC events result from replication stress associated with DNA damage (91, 92), induced by ROS or other factors during ;8 cell divisions occurring over the course of the one-week time-lapse assays, or ;16 cell divisions occurring over the course of the two-week end-point assays. Although RAD51-mediated HR and SSA both involve interactions between segments sharing extensive homology, SSA is nonconservative, leading to large deletions when it occurs between linked repeats, and translocations when repeats reside on different chromosomes (93) . Thus, SSA is inherently genome-destablizing, and it has been implicated in cancer predisposition associated with defects in RAD51-dependent HR, such as BRCA2 mutations (28) .
In summary, this study demonstrates that the risks of genome instability associated with DHR are limited to a two-week period postirradiation, that DHR is similarly induced by X rays and carbon ions, and that carbon ions appear to pose a similar, or perhaps slightly greater risk of DHR-mediated genome destabilization via SSA than X rays. SSA-associated risk does appear to increase for extremely high-LET ions like iron, but it is important to note that the carcinogenic properties of such ions may be mitigated in part by their highly lethal nature. Thus, high-LET radiation induced delayed genomic instability is only relevant when cells receive sublethal doses. These and other considerations contribute to the substantial complexity of risk assessment for radiation exposures from terrestrial and space environments, and from diagnostic and therapeutic clinical procedures (94, 95) .
